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Introduction
The rapidly evolving mobile phone technology raised public concern about the possibility of associated adverse health effects. World wide, more than 500 million mobile phones are in use and the number is expected to increase to 1.6 billion in 2005 [107] . To operate these handheld devices, a dense network of base stations is needed to transmit the phone calls. Currently, there are more than 60 million mobile phone users and more than 50000 base stations in Germany [91] . The number of base stations is expected to increase within the next years due to the invention of the "Universal Mobile Telecommunications System (UMTS)" technology [21] . The UMTS-technology belongs to the 3 rd generation of mobile communication systems and allows much higher data transfer rates which are required e. g. for multi-media applications.
Mobile telephony is based on transmission of microwaves with frequencies between 450 and 1800 MHz. If biological systems are exposed to this type of non-ionizing radiation, energy is transferred to the system. The question has been raised, whether, this energy transfer leads to biological effects and, moreover, if there are adverse health effects in humans associated with microwave exposure. A proven association between microwave exposure and adverse health effects would, of course, be of high impact for public health and it was questioned, if existing exposure limits are sufficient to avoid adverse effects in humans.
The research activities in the field of microwave exposure may be classified into five categories, each of them addressing a specific question: 1. Search for mechanisms by which microwaves can affect biological systems. 2. Search for effects in biological systems. These effects are not necessarily related to adverse health effects in humans, but may help to identify the underlying response mechanism in biological systems 3. Search for adverse biological effects with high impact on human health.
4. Epidemiological studies searching for an association between mobile phone radiation and cancer. Positive evidence from such studies would be of highest importance for human health. 5. Indirect effects on human health which do not result directly from an interaction between the mobile phone radiation the biological system. This paper aims to give an overview on the scientific literature addressing these categories. Special attention is given to a possible association between mobile phone radiation and cancer.
Materials and Methods
In the following sections, the basic characteristics of the mobile phone technology and some dosimetric aspects of microwave radiation are briefly described. For a more detailed description of these technical aspects, the reader is referred to the literature [4, 21, 51, 71, 93] .
Mobile phone technology
Mobile telephony is based on microwave radiation (radiofrequency radiation) being transmitted between the handheld device and base stations distributed allover the country. Table 1 gives an overview over the main characteristics of the transmitted radiation used in Germany [4, 51, 91] . As the German C-network is not in operation anymore, most mobile phones use the D-or E-network. The UMTS-network is currently under development. While the C-network operates in an analogue mode, the Dand E-network used today operate in a digital mode, where the radiation is additionally modulated by low frequencies of 8 and 217 Hz [93], respectively. Cordless telephones operate at frequencies of about 1800 MHz (similar to the E-network), the transmitted power, however, is lower, since these devices are used only with short distances to the base stations, e. g. within the home of the user. The UMTS technology also operates in a digital mode using a similar radiation power at slightly higher frequencies as compared to the E-network. Radiation produced by the UMTS-technology may or may not be modulated by low frequencies [74] . Although the transmitted power of the base stations is much higher than that of the handheld device, the exposure of the user by the base stations is much less due to the larger distance as compared to the handheld device [91] . Nevertheless, the base stations are a matter of public discussion, probably because they are visible for everyone and because individuals can not decide, if they are willing to accept a potential risk by exposure from these base stations.
Dosimetry for microwaves
Microwave radiation is attenuated by material and as a consequence there is an energy transfer to the material. The attenuation rises with increasing frequency and depends on the dielectric properties and the size of the absorber. While the maximum absorption for adults is found between 30 and 100 MHz, the absorption in children receives a maximum at higher frequencies of 100-400 MHz [4] . For mice, the maximum is received at even higher frequencies of 2450 MHz [4] . In addition, the attenuation of the radiation leads to an inhomogeneous exposure of the irradiated object. As a consequence, it is difficult to transfer dosimetric conditions from experiments with small animals to humans.
For microwaves, the dosimetric quantity of interest is given by the specific absorption rate (SAR), which is defined by the absorbed power per unit mass (given in units of W/kg) [4, 21, 71] . The SAR is difficult to determine and may be estimated for example by measurements of the electric field strength of the radiation, the temperature increase or by numerical simulations [71] .
The International Commission on Non-Ionizing Radiation Protection (ICNIRP) has recommended limits (Table 2) for the SAR [4, 93] . These Limits are based on the knowledge, that an exposure of the whole body with an average SAR of 4 W/kg will lead to a temperature rise of 1°C [16] . Starting from this value, the whole body limits for occupational and public exposure are then reduced by a factor of 10 and 50, respectively. To avoid small sized hot spots, additional limits are provided for the SAR averaged over a mass of 10 g. These dose limits were introduced to prevent thermal effects in humans.
Below these exposure limits, the maximum temperature increase in the brain of a mobile phone user was found to remain below 0.1°C [93, 100, 105] . Since such a small rise in temperature is considered to be physiologically irrelevant, it was concluded that a potential lasting effect in humans is very unlikely to result from thermal effects [100] . The discussion on potential adverse health effects originating from mobile phone use is therefore focused on the possible existence of non-thermal effects in biological systems. Nevertheless, it cannot be completely ruled out that subtile biological effects may occur also below a temperature increase of 0.1°C.
Scientific literature
This paper summarizes the main results of studies on biological effects of mobile phone radiation published until 2004. Since the UMTS-technology is rather new, there are almost no publications on biological effects dedicated to this technology. Investigations of biological effects associated with this technology are therefore not addressed in this paper.
Although the results of several types of investigations are described, the paper especially focuses on experimental and epidemiological evidence for a possible association between mobile phone radiation and cancer. It was not intended to provide an independent evaluation or assessment of existing studies. This paper is rather based on existing reviews and reports of expert panels [28, 93] . One of the most well known expert panels is the Independent Expert Group on Mobile Phones (IEGMP) [93] and many conclusions drawn in this paper refer to the report of this expert panel. More recently published reviews [15, 17, 25, 65, 69, 70, 91] and reports of expert panels [74, 75, 82] , however, were also considered. In addition, original studies are addressed, if they are of special interest.
Results and Discussion
Response mechanisms
The photon energy of microwave radiation is in the range of some µeV (Table 1 ). This energy is far below the energy even of weak chemical bindings or that of other degrees of freedom such as molecular rotations or vibrations. The photon energy is even some orders of magnitude smaller than the [7, 57, 93] . These include the application of non-linear dynamics [57] or resonance and amplification effects [7] . For example, Bohr et al. [7] showed theoretically, that the torsional modes of topologically constrained chain molecules (e. g. folded proteins) may be excited by microwaves in the GHz-range and that this excitation may lead to conformational changes of the protein. This theory was later on supported by experimental results, demonstrating that microwaves affect the kinetics of folding and unfolding of the protein β-Lactoglobulin [6]. The link between experimental effects like these and mechanistic theories, however, is still weak. Up to now, there is only little evidence supporting resonant behaviour of biological systems and further research on the proposed mechanisms is necessary [93] .
Biological effects
Ca 2+ -efflux in nervous tissue Ca 2+ -ions play an important role in the signal chain of neurons and other cells. There is some evidence that microwave exposure of brain tissue may increase the calcium efflux from cells [28, 47, 93] . Experiments demonstrated increased calcium efflux for an extremely low frequency modulated 147 MHz microwave carrier frequency. This effect peaked at modulation frequencies around 16 Hz. The unmodulated carrier frequency did not show this effect. Moreover, for 450 MHz carrier frequencies modulated at 16 Hz, there appears to be a power density window between 1 and 10 W/m 2 , below and above which the effect does not occur. At higher frequencies, the evidence is inconclusive with respect to the available data [28] . These results are difficult to interpret and their relevance to mobile phone technology is unclear [93] . They demonstrate, however, that an additional extremely low frequency modulation of a microwave carrier frequency may lead to changes in the response of biological systems.
An increased calcium efflux may stabilize neurons and reduce their excitability. As long as there is no significant temperature rise, the exposure does not produce obvious effects [93] . Effects on neurotransmitters have also been observed [47] . Most of them were probably associated with responses to temperature changes [93] .
Permeability of the blood-brain-barrier
The influence of microwave exposure on the permeability of the blood brain barrier has been investigated [28, 47, 93] , as several severe diseases such as multiple sclerosis, Parkinson disease and schizophrenia have been associated with an increased permeability of the blood-brain-barrier [91] . In animal experiments, Salford et al. found an increased permeability of the blood-brain-barrier [86] for continuous as well as for pulsed microwave radiation, which was also associated with neuronal damage [87] . Studies of other authors, however, could not confirm these findings [27, 96] . Fritze et al. found a significant increased permeability only for the highest SARvalue of 7.5 W/kg, but not for lower values [33] . Such high SAR-values, however, do not occur when using mobile phones [91] and it was suspected that the positive findings may have been produced by thermal effects [96] .
Changes in Melatonin level
The hormone Melatonin is secreted by the pineal gland and controls the day-night-cycle. There are reports that extremely low frequencies may affect the pineal gland function. As the photon energy of microwaves is much higher, the question has been raised if microwaves can also influence the pineal gland. Up to now, few studies have been performed and the results do not suggest that the melatonin production is affected [93] .
Changes in EEG-and sleep-parameters
The electroencephalogram (EEG) reflects synchronous activity in large populations of cortical neurons and the influence of microwave exposure on EEG-and sleep-parameters was investigated [17, 47, 85, 93] . The investigations produced somewhat contradicting results [17, 93] .
Changes in the spontaneous EEG of waking subjects after mobile phone radiation exposure was reported by von Klitzing [102] . Mann and Röschke [68] found a pronounced sleep-inducing effect with shortening of sleep-onset latency as well as a suppression of REM-sleep. The same group, however, could not replicate their findings in later studies [103, 104] . Several biological and methodological factors were discussed as possible reasons [103] .
Boberley et al. reported an increased amount of waking after sleep-onset and a transitory increase of the spectral power of EEG in the non-REM phase after exposure to pulse-modulated microwave radiation [8] . In a later work of the same group, however, only the increased spectral power could be confirmed [49] . Moreover, the effect occurred only for pulsemodulated but not for continuous wave radiation [50] . An increase in the waking regional cerebral blood flow was also recognized [50] .
Task-related changes in the EEG after auditory or visual stimuli were also compared for exposed and non-exposed conditions. Eulitz et al. reported a modulation in the high-frequency bands of the EEG after task-relevant but not after standard auditory stimuli [26] . Freude et al. found an effect on preparatory slow brain potentials for visual monitoring tasks, but not for less demanding tasks such as finger movements [31, 32] . Krause et al. reported event-related changes of the desynchonisation/synchonisation responses in the EEG for auditory and visual memory tasks [61, 62] . In a recently published double-blinded replication study, however, Krause et al. could not reproduce their earlier findings [60] . Recently, Hamblin et al. reported alterations of amplitudes and latency times of event-related potentials in the EEG for auditory tasks [39] .
Overall, it was concluded that exposure to mobile phone radiation might influence brain function and that further research is needed. It is emphasized, however, that even if such effects will be proven, their biological and clinical relevance is still unclear [93] .
Behavior changes
Analysis of the behavior of exposed laboratory animals has been used to assist the establishment of save exposure limits for humans [15, 16] . Significant effects have been reported if body heating took place. There is, however, also evidence for behavior and associated biochemical changes at or below the occupational exposure limits [15, 28] . The causal mechanism is unclear but could include a small localized heating effect [93] .
Investigations of mobile phone radiation on cognitive function in man have been carried out and a decrease in reaction time was reported [58, 59, 77] . A double-blinded multicentric replication study, however, failed to confirm these findings [38] . Recently, a carefully designed study on the influence of mobile phone radiation on well-being and cognitive function of human subjects with and without subjective complaints has found significant effects, especially for the new UMTSsystem [109] . The authors concluded that further research in this area is justified and recommendations where to focus on are given. It was especially pointed out that the positive findings need to be confirmed by an independent group of scientists [109] .
Influence on blood-pressure An influence of microwaves from mobile phones on resting blood pressure was reported by Braune et al. [10] . Systolic and diastolic blood pressure was found to be significantly higher in the exposed as compared to the placebo group. A more recent study published by the same author [9] also found a significant increase of blood pressure which, however, was independent from the exposure pattern by the mobile phone radiation. It was therefore concluded that mobile phone radiation does not affect blood pressure in humans. A recently published randomized double-blinded study also did not find any effect of mobile phone radiation on blood pressure [94] .
Evidence for non-thermal effects in experimental systems
De Pomerai et al. published an experiment [18] demonstrating that non-thermal exposure of a transgenic worm to microwaves leads to a significant increase of heat-shock protein secretion. Recently, the same author reported that small thermal effects contributed to this finding [19] . The experimental results were reproduced for a microwave induced temperature increase of 0.25°C, however, not for an increase of 0.12°C. Even though the relevance of this experiment for human is not clear, these results show that biological effects from mobile phone radiation may originate from small temperature variations.
Adverse health effects
Subjective symptoms Subjective symptoms such as headache, feelings of discomfort and warmth on the ear were reported by users of mobile phones. A significant increased prevalence for headache was found for mobile phone users, which was associated with the duration of the phone calls per day [12] . In a comparison between analogue and digital mobile phone systems, the prevalence for subjective symptoms was found to be higher for the analogue than for the digital system [76, 88] . Interestingly, the study was initiated under the opposite hypothesis. Digital mobile phones showed a lower risk for sensations of warmth on the ear and partly for fatigue and headache. A significant association of these symptoms with exposure time was found. Many other factors than electromagnetic fields, however, could have produced these findings and all studies lack strength in providing cause and effect relationships [17] .
Ocular effects
Microwave exposure of the eye is of special concern for two reasons: firstly, the eye has a reduced (or even no, in the case of the lens) blood supply which reduces heat dissipation, secondly it is located superficially and therefore receives higher SAR values in comparison to deep-seated tissues. The possibility of adverse effects (e. g. cataracts in the lenses) was investigated in several studies. Although, adverse ocular effects were only found for SAR values well above values that occur in the eye from the use of mobile phones [22] , there remains some concern about possible adverse health effects from high peak-power, pulsed microwave radiation [93] . Current results, however, support the conclusion that clinically significant ocular effects do not occur for low-level microwave radiation [22] .
Genotoxic effects
There are more than 100 studies investigating genotoxic effects of microwave radiation and several reviews of these studies are available [11, 28, 48, 69, 93, 101] . Most of the studies were hazard identification studies and focussed on the possibility of gene mutation, chromosome alterations, induction of DNA repair processes and cell transformation assays [11, 48, 69] . Although the majority of these studies did not demonstrate genotoxic effects, there have been some positive results. A closer inspection of these studies indicated that at least some of the effects were produced by hyperthermia. Others were attributable to deficiencies of the experimental design, which may have lead to sporadic positive results. Although the existence of genotoxic effects can not completely be ruled out, the weight of evidence suggests that there is no significant risk associated with non-thermal microwave exposure [11, 48, 69, 71] . The investigation of genotoxic effects was also aim of the REFLEX-project which was initiated within the framework of the European Community. The results of this project will be published in the near future.
Cell proliferation
While the existence of direct genotoxic effects appears to be unlikely, non-thermal effects on cell proliferation may still be possible. In-vitro studies of microwave radiation effects on cell growth, survival or proliferation resulted in conflicting results and do not demonstrate convincing and consistent evidence on cell proliferation under conditions of the mobile telephone technology [93] . Cell proliferation is also one of the endpoints studied by the REFLEX-project.
Tumor promotion and progression
Several studies in animals have been performed to investigate a potential association between long-term low-level microwave exposure and tumor promotion or tumor progression [1, 23, 29, 30, 64, 79, 95] . Most of these studies did not find a significant difference between the exposed and the control groups [1, 29, 30, 64, 95] . In a lifespan study, however, Repacholi et al. [79] exposed transgenic mice, which are moderately predisposed to develop lymphomas, to 900 MHz microwave radiation. At 18 months, the lymphoma risk was found to be significantly higher in the exposed mice than in the controls (43 % vs. 22 %).
For several years, this result was considered as most important evidence for a possible connection between microwave exposure and tumor promotion or progression [81] . The design of the experiment, however, had some shortcomings with respect to dosimetry. Since the mice were not fixed during exposure, the SAR varied between 0.008 and 4.2 W/kg and hot spots within the animals could not be ruled out. Moreover, it was objected [93] that the lymphoma incidence was rapidly increasing at the end of the experiment in both, the exposed and the sham-exposed animals.
Recently, the experiment of Repacholi et al. [79] was replicated by Utteridge et al. [97] , indicating that long term microwave radiation does not increase lymphoma incidence. The experiment included 1600 mice and in contrast to the initial study, the animals were fixed during exposure and 4 different dose levels between 0.25 and 4 W/kg were used. Two groups of sham-treated animals were used, one with fixed and one with free moving animals. The experiment was performed for the initial transgenic strain as well as for the wild-type of the same strain. Great effort was spent on precise SAR measurements and in contrast to the initial study, all animals were necropsied.
The publication was controversially discussed [35, 36, 63, 66, 67, 98, 99] . Since some exposure conditions were not exactly the same as in the initial study, the comparability of both studies was questioned [63, 66, 67] . The most important objection, however, was that the lymphoma incidence for the sham-treated transgenic mice in Utteridge et al. was significantly higher than that in Repacholi et al. (74 % vs. 28 %) [35, 67] . In his reply [98], Utteridge solved this discrepancy by reprinting the survival curves as a function of age instead of the initially used days of exposure (which excluded weekends and public holidays). After that, the incident rates agreed with those of Repacholi et al. In additional communications [36, 99] , some more details have been clarified. Finally, two recently published studies with similar experimental design also showed no significant effect [1, 64] . In conclusion, the weight of evidence does not prove that microwave radiation adversely affects tumor promotion or progression [23] .
Epidemiological studies
Epidemiological studies of microwave exposure and human cancers include studies of military and civilian groups, people who live near television or radio transmitters and users of mobile phones [25] . The results of these studies have been reviewed in several publications [24, 25, 48, 70, 71, 83] .
Studies on military and civilian people
Studies on military and civilian people included for example investigation of radar laboratory workers, employees of the American embassy building in Moscow, which were subjected to microwave exposure between 1953 and 1976, and other occupational groups dealing with microwave radiation [24, 25, 48, 71] . In addition, incident rates for leukemia and solid tumors were investigated near television and radio transmitters. The evidence of these studies, however, is weak in regard to its inconsistency and an association between microwave exposure and cancer can not be concluded. Detailed data on individual exposure are lacking and some of the studies are suspected to be biased by other factors [24, 71] . No causal implications could be drawn from these studies [25] .
Dedicated mobile phone studies
Meanwhile, several epidemiological studies dedicated to microwave exposure from mobile phones are available [2, 20, 40, 43, 48, 52, 56, 73, 84] . Most of the studies focus on brain tumors (Table 3) .
A cohort study including more than 250000 users of mobile phones was performed by Rothman et al. [84] . This study compared the overall mortality for users of hand-held and non-handheld (primarily car) telephones. The latter were considered to be non-exposed due to the larger distance of the antenna. No significantly increased mortality rate was found for hand-held devices (mortality ratio of non-handheld vs. handheld phones after 3 years: 0.86, 90 % CI: 0.47-1.53). In a subsequent analysis, Dreyer et al. [20] analyzed the specific causes of death and found no increased risk of brain tumors or leukemia with greater use of mobile phones [25] .
In a prospective cohort study with more than 420000 mobile phone users, Johansen et al. [56] determined the standardized incidence ratio (SIR) of cancer. This risk of all cancers was significantly reduced in men (0.86, 95 % CI: 0.83-0.90), however, not in women (1.03, 95 % CI: 0.95-1.13). This finding was attributed to a decreased incidence of smoking-related cancers in men resulting from a confounding effect of social class, i. e. compared to the general population, mobile phone users are less likely to smoke. No significantly increased risk was found for brain tumors or leukemia [25] .
Several case-control studies have been performed for brain tumors. Studies published by Inskip et al. [52] , Muscat et al. [73] and Hardell et al. [43] did not show an increased risk for mobile telephone users (tab. 3).
Based on the initial study [43] , Hardell et al. published a subsequent analysis [44] suggesting a marginal significant increased risk for tumors in the temporal, occipital or temporoparietal regions, where the an analogue mobile phone was used on the same side (RR 2.62 95 % CI: 1.02-6.71). This result, however, was based on statistical testing of many variables and it was criticized that the result could easily have occurred by chance [25, 93] .
A second study by Hardell et al. reported a marginally significant increased risk of any type of brain tumors for the use of analogue, but not for digital phones [40] . This risk increased up to 10 years latency. A trend towards higher risk for longer exposure time was found at 10 years latency. At 5 years latency, however, the trend was in the opposite direction. The highest risk was seen in the temporal lobe and the risk for the ipsilateral use was higher than for the contralateral use of the phone. It was criticized, however, that this effect may also be a result of methodological problems of the study, such as misclassifications or recall bias [25] . Regarding the pathological subtypes, the highest risk was found for acoustic neurinomas (OR 3.5, 95 % CI 1.8-6.8). This result, however, disagrees with previous results on acoustic neurinomas [52, 56, 72] . Further aspects of the study by Hardell et al. [40] are published in subsequent papers [41, 42] .
Auvinen et al. reported a significantly increased risk for brain tumors associated with subscription of an analogue mo- 
Cohort studies
Dreyer et al. [20] , No increased risk with greater use of handheld phones [20, 25] Rothman et al. [84] Johansen et al. [56] Men ( (Table 3) . 50 % of these tumors were gliomas (OR: 2.1, 95 % CI: 1.3-3.4). This result was assessed to be consistent with a small increased risk for brain cancer, but the association was considered to be weak and may have occurred by chance, misclassifications or due to uncontrolled confounding factors [25] . In a case-control study of uveal melanoma, Stang et al.
[92] raised the hypothesis that mobile phone use is associated with an increased risk of uveal melanoma. A significant increased risk was reported (OR: 3.0, 95 % CI: 1.4-6.3). The study, however, was criticized for several methodological deficiencies [53] . The hypothesis raised by this study was assessed by the Danish cohort study [55] . This study did not find an increased risk. Overall, there is no clear evidence of an association between mobile phone radiation and ocular cancer [22] .
Conclusion of epidemiological mobile phone studies
Several studies on mobile phones have been carried out up to now. Concluding, no detrimental effects have been consistently observed [25, 28, 48, 93] . Especially, no consistently increased risk for brain tumors was found although the exposure of the brain is higher than for other organs. Some positive associations have been reported in studies making multiple observations. These observations, however, fall short in strength and consistency to be interpreted in terms of cause and effect. Due to the inconsistency with other studies, it seems likely that they have occurred by chance variation [25] . On the other hand, the generally negative experimental evidence is consistent with the epidemiological results [25] .
The results of the current epidemiological studies, however, are limited by several methodological deficiencies [25, 28, 70, 93] . All studies are based on rather small number of cases and use a limited follow-up time in their analysis. Moreover, there is a substantial uncertainty in the exposure assessment, which is mostly estimated on the basis of questionnaires or telephone bills. Other uncontrolled factors may also lead to bias in the analysis. Although current results suggest, that there is no substantial increase of risk, a moderately increased risk cannot be ruled out and further high-quality studies are necessary.
Ongoing studies
Currently, a large case-control study is conducted to investigate a possible association between mobile phone use and the incidence of gliomas, menningiomas and acustic neurinomas. This ongoing study (INTERPHONE study) is coordinated by the World Health Organization (WHO) and is participated by 14 nations. In Germany, the participating institutions are the Universities of Bielefeld and Mainz and the German Cancer Research Center (DKFZ, Dept. of Environmental Epidemiology) in Heidelberg. The study is designed to detect a 50 % risk increase [5] and to overcome the methodological shortcomings of the previous studies. First results of a Danish subpopulation indicate that there is no increased risks for acoustic neurinomas [14] which is in accordance with most of the previous studies [52, 56, 72] . Further results of the INTERPHONE study are anticipated in the near future.
Indirect effects
Interference with medical equipment Microwave radiation may interfere with medical equipment in hospitals and alter or inhibit its function. This may lead to significant hazards, if the patient depends on this device. Several types of medical equipment have been tested using radiation from digital mobile phones [65] . 45 of 479 of the devices tested with 900 MHz and 14 of 457 devices tested at 1800 MHz showed clinically relevant electromagnetic interference. The reviewed studies, however, showed a rather inconsistent interference pattern. The maximum distance at which clinically relevant interference occurred was 5 to 200 cm at 900 MHz and 5 to 80 cm at 1800 MHz. Most of these events (99 %) occurred at a distance below 1 m, which was considered to be a save distance [65] .
Interference with cardiac pacemakers
Interference of mobile phone radiation with implanted pacemakers was investigated using experimental [37, 54] and clinical [45] study designs. In experimental studies, up to 40 % of the investigated pacemakers have been shown to interfere with radiation of mobile phones [89] . The probability of interference, however, depends strongly on the combination of the type of pacemaker and mobile phone [54] . A distance of more than 20-25 cm between pacemaker and mobile phone was considered to be safe [37, 89] . Below this distance, the risk of interference is highest in the operating mode where the owner of the pacemaker silently listens to his conversational partner [54, 89] . Pacemakers are susceptible to electromagnetic interference from mobile phones using the C-as well as Dnetwork. No interference has been reported for mobile phones using the E-network [54, 89] .
In a clinical study Hayes et al. reported an overall interference of 20 %, and an incidence of clinically relevant symptoms of 7.2 %. Definitively clinically relevant symptoms occurred in 1.7 % of all tests. In all of these cases, the mobile phone was placed directly over the pacemaker No interference occurred, if the phone was placed at the ear of the patients. In a case report, Yesil et al described loss of consciousness in one patient, after placing the mobile phone directly over the patients' pacemaker [108] .
Vehicle collisions
An important health effect of mobile telephony is the association between mobile telephony and motor vehicle collisions [83] . This association is not related to the radiation of mobile phones itself, but results from distraction of the driver by the phone call. Redelmeier et al. [78] found that the risk of a collision when using a mobile phone was four times higher than the risk when a mobile phone was not being used (RR: 4.3, 95 % CI: 3.0-6.5). This risk is similar to that of driving with a blood alcohol level at the legal limit. Moreover, handfree kits did not offer a safety advantage over hand-held devices, i. e. legal regulations allowing only hand-free kits during driving are not based on scientific evidence [78, 93] . This finding is consistent with the mortality rates published for hand-held and hand-free devices by Dreyer et al. [20] . A riskcomparison of mobile phone use and a conversation with a passenger on driving performance has not been performed [93] . A positive effect of mobile telephony certainly is the reduced time delay of emergency calls after a vehicle accident.
Conclusions
While there is no doubt about that microwave radiation can cause thermal effects which may be hazardous for humans, adverse health effects due to non-thermal microwave radiation have not been established [13, 28, 80, 93] . Therefore, experts consider the ICNIRP protection guidelines to be save and do not recommend modifications of these guidelines [28, 75, 93] .
Mobile phones and Cancer
Most important, no association between mobile phone radiation and cancer was found in epidemiological studies, which is consistent with the general results of experimental studies. Although some experimental and epidemiological studies reported some positive associations, these results fail to be consistent with other studies and some of them suffer from methodological deficiencies. These studies do not warrant the conclusion of an association between mobile phone radiation and cancer.
Evidence for biological effects
There is some evidence suggesting that there may be biological effects due to non-thermal radiation. It is important, however, to understand that this does not necessarily mean that these effects lead to detrimental health effects in humans [93] . A major problem for the interpretation of such evidence arises from the fact that no convincing dose-response-mechanism has been established yet. Further research on possible basic mechanisms and their connection to observed biological effects is therefore necessary [74, 93] .
Established risks
Up to now, the only established risk was found for mobile phone use while driving a car. No safety advantage was obtained for the use of hands-free kits, which questions current legal regulations. The associated higher probability for vehicle collisions, however, is attributed to the distraction of the driver rather than to the microwave radiation itself. In addition, the radiation of mobile phones may interfere with medical devices or implanted pacemakers, which may pose a risk for a specific subpopulation [93] . The risk of interference, however, strongly depends on individual circumstances and is very difficult to predict.
Completeness of scientific evidence
Although the balance of evidence suggests that there are no detrimental effects associated with mobile phone radiation, health risks cannot be generally excluded. The follow-up time of epidemiological studies is still rather short. Moreover, the heterogeneity of the experimental and epidemiological results complicates the interpretation of these studies. It seems likely that any possible health effect is subtle and difficult to detect. Moreover, there may be subpopulations such as children, elderly people or patients, which are more susceptible to effects from mobile phone radiation than the general population. The special situation of exposed children was topic of the dedicated WHO workshop "Sensitivity of children to EMF exposure (2004, Istanbul, Turkey)".
To deal with the uncertainty for special subpopulations, a precautionary approach for the use of the mobile phone technology was recommended by the IEGMP [93] . These recommendations comprise aspects of planning, erection and operating of base stations as well as restricted use of mobile phones by children, near hospitals and while driving. Manufacturers should provide the SAR values to allow the customer to minimize his individual exposure [93] .
It is generally agreed upon that further high-quality research is necessary [28, 80, 93] . Research priorities for invitro, in-vivo and for epidemiological studies have been outlined by Repacholi [80] , the coordinator of the EMF project at the WHO. These research activities have to meet several criteria to be useful for health risk assessment [80] . One key issue for all types of investigations is a reliable exposure specification in terms of the SAR.
Public risk perception
The question whether mobile phone radiation causes adverse health effects in humans has also raised significant public concern. In contrast to the scientific discussion, the public discussion is not only driven by facts but also by anxiety, emotions, economical and political interests. The problem arises that the scientific method may well prove the significance of an increased health risk -if it exists. However, it cannot prove that there is no risk at any exposure level.
With respect to mobile phone radiation, the public perception may be distorted at least for three reasons: i) Not all scientific evidence may be available, ii) the public does not know how to weight each piece of evidence to arrive to a balanced evidence, and iii) the public may be mislead by prejudice or false information originating from other than scientific sources.
The scientific results on mobile phone radiation show that it is likely that there is no increased health risk, but strictly speaking this question is still open and further research is required. Due to the above distortions of the public perception, this indefinite answer may be misinterpreted, that there actually exists strong evidence for an increased health risk.
Risk communication to the public
The scientific balance of evidence is developed by open discussions and subsequently published review articles. The basic result of this process has to be communicated in a simplified but still differentiated way to the public. Especially, contradictory material and open questions should be assessed. Reports of expert panels [28, 74, 75, 82, 93 ] also provide valuable information as they also summarize the current status of research. In contrast to scientific review articles they focus not only on significance or non-significance of specific effects but also provide risk assessments and recommendations to the legal authorities. The content of such reports should also be communicated in a differentiated way to the public.
Finally, expertises requested by companies, organizations or by the government may also provide risk assessments. As the expertises are usually written by single experts or specialized institutes, their risk assessment may be more biased by opinions of single experts or institutions than that of expert panels. A solution to this problem may be to request more than one expertise. If these result in different risk assessments, there should be an open and transparent discussion about, where these differences result from.
This procedure was performed for expertises initiated by the Deutsche Telecom MobilNet GmbH [3, 34, 46, 90] , which requested expertises from four independent experts [34, 90] and institutions [3, 46] , respectively. The results of these expertises are in accordance with those of international reports [28, 74, 75, 82, 93] , concluding that there is no proven association between microwave exposure of mobile phones and adverse health effects in humans. There are, however, different assessments of scientific evidences between these four expertises. These differences were discussed and analysed by the authors of the expertises and additional experts during a workshop organized by the interdisciplinary research group "Mensch, Umwelt, Technik (MUT)" of the Research Center in Jülich. As a result of this workshop, an additional report was published [106] , describing the agreed and disagreed points of the expertises and analysing the reasons for the different risk assessments.
Government, public and companies are forced to deal in a responsible way with the relatively new mobile phone technology and their potential health risks in spite of the fact that the scientific body of evidence is incomplete. The situation is complicated by the fact that there are also financial interests involved. Nevertheless, any risk assessment and precautionary measures should be based on scientific grounds. To achieve acceptance of the resulting policy, there is no alternative to communicating these scientific grounds to the public in a highly transparent way. It is highly important that scientists participate in this process.
